Abstract. In a magnetized laboratory plasma (n w 10'' ~m -~, kTe 2 1 eV, Bo > 10 G, 1 m diam x 2.5 m) large amplitude current pulses (150 A, 0.2 ps) are excited in the parameter regime described by Electron MHD (EMHD; wci << w << wee). The currents are transported by low-frequency whistlers forming wave packets with topologies resembling 3D spherical vortices.
INTRODUCTION
Time-dependent plasma currents in the Electron MHD regime play an important role in laboratory and space plasmas [I] . Applications include plasma opening switches [2] , pulsed ion beam propagation across Bo [3] , helicon waves [4] , electrodynamic tethers in space [5] , dissipation processes in narrow current sheets undergoing reconnection [6] , plasma releases [7] , and wings behind small asteroids in the solar wind [8] . Basic physics experiments have demonstrated that pulsed EMHD currents in magnetized plasmas are transported by whistler waves [9- 111. An important question is the behavior of large amplitude waves or currents. Observations show that wave packets with energy density exceeding the particle energy density (B2/2po > nkTe) still behave linearly. However, the excitation of such intense pulses leads to strong electron heating. In collisional plasmas, nonuniform rf heating gives rise to nonlinearities, e.g., thermal filamentation [12] and nonuniform damping [13] . Temperature gradients also give rise to thermoelectric currents which last much longer than the transit time of the initial heating pulse. Such long-lasting nonlinear perturbations also play an important role in ionospheric modification experiments [14] .
EXPERIMENTAL ARRANGEMENT
Switched and pulsed currents are generated in a large laboratory plasma schematically shown in 
EXPERIMENTAL RESULTS
tively, pulsed currents have also been induced with insulated magnetic loop antennas (4.5 cm diam). The time-varying magnetic fields associated with the plasma currents are measured with a triple magnetic probe, recording (B,, B,, B,), versus time at a given position. By repeating the highly reproducible experiment and moving the probe to 1 10,000 positions in a three-dimensional volume, the vector field B ( r , t ) is obtained with high resolution ( A r = 1.5 cm, A t = 10 ns). Using Ampkrels law, J = V x Blpo, the current When a current pulse is generated by biasing the electrode positive with respect to the chamber wall a magnetic perturbation is generated in the plasma which propagates along Bo at a nearly constant speed. In order to establish the wave nature, the measured time and 3D spatial dependence of B(r, t ) is Fourier transformed into k-w space. Due to the chosen pulse width, the frequency spectrum is appropriate for EMHD (w G O.lw,, >> w,;). The k-spectrum reflects both the geometry of the exciter and the dispersion of the medium. Due to the symmetry of the axially fed disk electrode, the spectrum of B(k) depends only on kl and kll. For different angles of wave propagation ( V . E = p/eo) [15] . Space-time behavior of the terms nonlinear term is negligible since J is nearly paraldescribing the evolution of the generalized vorlel to 52. Furthermore, the weak damping can be ticity, eqn. (2) . The axial components are inaccounted for by collisional damping rather than tegrated over the transverse cross section for Landau damping (note that vll E vth,e) [19] . . rent density becomes so large that other instabilities and nonlinearities arise. As an example, Fig. 4 shows contours of current density J,(z = 0, y, z, t = 0.2 ps) for the current pulse described in Fig. 3 (I,,, = 150 A, At = 0.2 ps). The drift velocity vd = J,/ne = 1.1 x 10' cm/s, corresponding to a peak axial current density of J, = 3.4 A/cm2, exceeds the initial electron thermal velocity ( 2 k~, ,~/ m , ) ' /~ = 7.1 x lo7 crn/s. Under these conditions, the strong Buneman instability would lead to rapid electron heating [20] . Kelvin-Helmholtz instabilities due to the shear in the electron drift velocity are less important and not observed [6] . Strong electron heating is indeed observed although collisional and transit-time heating may also play a role, in addition to the above-mentioned heating mechanism. Modifications of plasma parameters by intense waves/currents can lead to modulational instabilities. While density perturbations are negligible on EMHD time scales, the rapid electron heating in the flux tube of the electrodelantenna forms a filament of high Spitzer conductivity. If the ambient plasma is so collisional that the whistler pulse is normally damped, the high conductivity channel will produce a filamentary radiation pattern. This nonlinear effect is demonstrated in Fig. 5 where contours of axial wave magnetic field B,(x = 0, y, z) are displayed at three different times for a 0.2 ps long current pulse of small and large amplitudes applied to a 4.5 cm d i m loop antenna. At "small" amplitudes (I = 8 A), the wave damps since the ambient background temperature (kTe = 0.5 eV) is essentially unchanged by the wave. But at I = 100 A, the electrons in the flux tube of the antenna are rapidly heated (kTe E 5 eV) and the wave penetrates along the heated channel with little damping. Furthermore, at late times (t = 4.5 ps), long after the initial heating pulse has traveled through the plasma and dissipated its energy, a nearly constant uniform axial magnetic field remains in the heated flux tube. It is a diamagnetic field driven by Je = -nDl(kTe) x BoIB;, which satisfies the pressure balance relation (Bo -BZ)'/2po + nkATe M B;/2p0, and properly reverses direction with Bo. Surprisingly, in addition to the axial diamagnetic field B,, a comparatively strong azimuthal field, Bs, is observed. eV) increases the Spitzer conductivity and permits propagation along the heated plasma filament in the absence of density gradients. Further, a quasi-dc magnetic field remains in the heated flux tube as a result of thermoelectric currents at late times.
As displayed in Fig. 6 , these fields are produced by linked currents, i.e., an azimuthal current Je(= f J, in x = 0 plane) driven by Vl(kTe), and an axial current J, presumably also generated by a weak axial temperature gradient (J, = cuVllkTe). The axial current is accompanied by a coaxial return current. The variation of J, with z implies the existence of radial currents so that V . J = 0. The axial return currents are not induced since a l d t = 0 but must arise from space-charge imbalances. The radial component of these space-charge fields produce ion drifts, as discussed by Egorov et al [21] . The radial profiles of the current density or magnetic field are approximately given by the Bessel function solutions to the equation V x B = kB(r,t), given by B, = pOJz = BmazJ~(kr) and Be = poJs = BmaxJl(kr). Thus, the currents and fields relax to a minimum-energy state as observed and predicted for reverse-field pinches [22] . The currents reverse direction near the edge of the heated flux tube, but decrease in magnitude faster than the Bessel functions since I VkTe I-+ 0.
The eigenvalue k 0.7 cm-' is either obtained from k =I V x B ( / B or from the Bessel function fit.
The temporal behavior of the magnetic energy density B(r, t)2/2po, current helicity density J . B, and the angle between J and B, cosd = J . B I J B , are shown in Fig. 7 . After the initial pulse has propagated and dissipated (t > 1.5 ps), the energy in the flux tube is almost constant, but the helicity decays due to a decrease in I J 1% J, since cos 4 M 0.9 M const. Thus, the diamagnetic current, Je, decreases slower than the axial current because the radial temperature gradient relaxes 
CONCLUSIONS
Time-varying currents in the EMHD regime propagate in the whistler mode in a uniform, unbounded magnetoplasma. The topology of current pulses is that of 3D vortices with J approximately parallel to SZ(r, t ) . The generalized vorticity f2 = V x v + eB/m, is highly frozen into the electron fluid. Nonlinearities arising from the momentum equation are negligible for B(r, t ) 5 Bo.
Strong electron heating occurs when v > ( 2 k~, / m , )~f~, leading to conductivity changes, modulational instabilities in collisional plasmas, and remnant thermoelectric currents. The latter form a quasi-stationary minimum-energy state satisfying V x B = kB(r, t ) in the cylindrical geometry of a heated flux tube. Such nonlinear processes may play a role in ionospheric heating experiments.
